Purpose This study was conducted to investigate the role of four polymorphic variants of DNA methyltransferase genes as risk factors for radiation-induced fibrosis in breast cancer patients. We also assessed their ability to improve prediction accuracy when combined with mitochondrial haplogroup H, which we previously found to be independently associated with a lower hazard of radiation-induced fibrosis.
Introduction
Adjuvant radiotherapy (RT) after conservative surgery for early stage breast cancer is a standard of care that is well tolerated by the patients in terms of compliance and risk of adverse effects. In most cases, breast cancer patients have a long life expectancy with a risk of late normal tissue complications that may continue to accumulate years after treatment concludes. For this reason, late effects remain important health concerns for long-term survivors [1] . Common late toxicity manifestations in the breast include fibrosis, cutaneous atrophy and skin telangiectasia [2] . In particular, fibrosis is the development of excess fibrous connective tissue due to fibroblasts proliferation because of tissue injury. This leads to breast indurations, and in some cases to unfavorable cosmetic outcome [3] . There is considerable interindividual variability in the development of late toxicity, which depends on RT parameters such as total dose, dose per fraction, irradiated volume, and dose inhomogeneity [4] , as well as on patient related factors such as age and life style factors [5] . In the last decade, several studies have suggested that development of late normal tissue complications in the breast after RT is at least in part genetically determined [6] . Currently, clinical radiosensitivity is nowadays regarded as a complex polygenic trait resulting from the combined effects of multiple factors, each with relatively modest effects [7] . Therefore, an approach based on the combination of multiple genetic factors into a genetic risk score (GRS) may be an attractive strategy for prediction of adverse RT effects.
DNA methylation is an epigenetic mechanism established and maintained by a family of DNA methyltransferase (DNMT) enzymes that catalyze the addition of a methyl group to cytosine residues, using S-adenosylmethionine as the methyl group donor [8] . DNA methylation generally occurs on cytosine residues located in CpG dinucleotides within the promoter region, resulting in chromatin compaction and gene silencing [9] . Three active DNMTs have been described in mammals: DNMT1 is required for maintenance of methylation through generations, while DNMT3A and DNMT3B are mainly involved in establishment of de novo DNA methylation patterns [10] . In vitro and in vivo experimental evidence suggests that enzymes of the methylation machinery play a role in fibrogenesis and radiation response. For instance, upregulation of DNMT1 has been detected in the fibrotic tissue of the skin, kidneys, lungs, and liver [11] , whereas activation of myofibroblasts or hepatic stellate cells can be reversed via inhibition of DNMT1 by DNA-demethylating drugs or by specific siRNA shutdown [12] . In addition, reduction of global methylation levels has been reported after irradiation, probably due to decreased expression of DNMT1, DNMT3A, and DNMT3B [13] . Despite evidence of involvement of DNA methylating enzymes in fibrogenesis and radiation response, no information is currently available regarding whether common genetic variants of DNMTs genes contribute to the development of radiation-induced fibrosis in cancer patients. However, recent in vitro studies suggest that mitochondria are the primary loci of RT effects [14] , and that mitochondrial DNA haplogroups differently affect mRNA expression of DNMT1, DNMT3A, and DNMT3B, [15] as well as global DNA methylation levels [16] .
In the present study, we assessed the role of four single nucleotide polymorphisms (SNPs) of DNMT genes (DNMT1 rs2228611, DNMT3A rs1550117, DNMT3A rs7581217, and DNMT3B rs2424908) as risk factors for subcutaneous fibrosis in a cohort of Italian breast cancer patients who received RT after breast conserving surgery. In addition to DNMT SNPs, we evaluated the predictive role of XRCC1 rs2682585, which was previously reported to be associated with the Standardized Total Average Toxicity (STAT) score, an index of overall toxicity combining skin toxicities and fibrosis of the breast [17] . We also assessed the ability of the aforementioned SNPs to improve prediction accuracy when combined with mitochondrial haplogroup H, which we recently found to be independently associated with a lower hazard of radiationinduced fibrosis in breast cancer patients [18] .
Materials and Methods

Study subject and data collection
This study included 286 Caucasian patients affected by histologically confirmed breast cancer who underwent conservative surgery and adjuvant RT from 1989 to 2010 at our Department of Radiotherapy. Study details were described in full in our prior publication [18] . Briefly, RT consisted of two opposite tangential wedged beams, followed by a boost on the tumor bed. Radiation therapy was planned on computed tomography slices in all cases. Patients underwent whole breast RT with conventional fractionation to a total dose of 50 Gy followed by boost dose on the tumor bed in cases of invasive tumors. At the time of patient recruitment, a peripheral blood sample was taken and stored at 4°C until analysis. During annual follow-up visits (last update on January 2015), radiation oncologists evaluated the appearance of subcutaneous and cutaneous late toxicities, with particular attention to the onset of fibrosis. Toxicity was scored according to the Late effects of Normal Tissue-Subjective Objective Management Analytical (LENT-SOMA) [19] scale. Patients with moderate to severe fibrosis ( grade 2) were referred to as the "radiosensitive group" and compared to patients with no or minimal fibrotic reactions (grade 0-1, control group). This study was approved by the local Ethics Committees of our University Hospital and met the requirements of the Declaration of Helsinki. Informed consent was obtained from all patients before participation in the study.
Genotyping
Determination of SNPs was conducted on genomic DNA by real-time polymerase chain reaction (PCR) using the following TaqMan Pre-Designed SNP Genotyping assays (Applied Biosystems, Milan, Italy): C_27838930_10 (DNMT1 rs2228611); C_8722920_10 (DNMT3A rs1550117); C_7863728_10 (DNMT3A rs7581217); C_16013055_10 (DNMT3B rs2424908); and C_16269889_10 (XRCC1 rs2682585). Real-time PCR amplification and detection was performed in 96-well PCR plates using a CFX Connect Real-Time PCR Detection System (Bio-Rad, Milan, Italy).
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Statistical analysis
Each polymorphism was tested for deviation from the Hardy-Weinberg equilibrium (HWE) by use of Pearson's chisquared test as implemented in Finetti's program (http://ihg. gsf.de/cgi-bin/hw/hwa1.pl). For the selected polymorphisms, we considered the co-dominant, dominant, and recessive modes of inheritance. The time to event end-point (grade  2 fibrosis) was calculated from the first session of RT, and patients not experiencing the end-point were censored at the last follow-up performed. The cumulative incidence of grade  2 fibrosis was calculated by the KaplanMeier method and comparisons between genotype groups were performed using the log-rank test. Univariate Cox regression analyses were performed to calculate the hazard ratio (HR) and the 95% confidence interval (CI) to evaluate the influence of genotypes on grade  2 fibrosis risk. Multivariate adjustments were made for the mitochondrial haplogroup (H vs. non-H) and clinical variables having a cut-off p-value of < 0.20 in univariate Cox analysis (body mass index, breast diameter, adjuvant treatment, dose per fraction, radiation quality, acute skin toxicity, and postsurgical complications) [18] . To avoid the risk of over-fitting biases [20] , only significant genetic factors were considered for construction of a GRS. To accomplish this, the Cox proportional hazard regression coefficient of each genetic factor was converted into an integer risk score by rounding the quotient and dividing the regression coefficient by a single constant. The final risk score represented the sum of integer coefficients. Discrimination capabilities of genetic models were assessed using the area under the receiver operating characteristic curve (ROC). The area under the ROC curve and comparisons between ROC curves were calculated using the method described by DeLong et al. [21] . All statistical analyses were performed using MedCalc ver. 13.3.3 (MedCalc Software, Mariakerke, Belgium) software. Because of the exploratory nature of this study, we reported nominal statistical associations (p < 0.05). Adjusted p-values based on the Bonferroni correction were also considered to avoid chance findings due to multiple testing of five SNPs, and the significance was lowered to p < 0.01.
Results
Single locus analysis
Overall, 51 of the 286 participants (17.8%) experienced moderate to severe fibrosis (LENT-SOMA  grade 2), while 235 patients (82.2%) had no or minimal fibrosis (LENT-SOMA grade 0-1). Detailed demographic and clinical data in the whole cohort of breast cancer patients and following stratification according to their radiosensitive status have been reported elsewhere [18] . The distributions of genotype frequencies for the polymorphisms analyzed were in HWE (all p > 0.05). For the entire set of breast cancer patients, frequencies of minor variant alleles were 0.48 (DNMT1 rs2228611G), 0.09 (DNMT3A rs1550117A), 0.35 (DNMT3A rs7581217T), 0.14 (DNMT3B rs2424908T), and 0.22 (XRCC1 rs2682585). Kaplan-Meier curves for DNMT1 rs2228611 showed differences among genotypes in the cumulative incidence of grade  2 subcutaneous fibrosis (log-rank test p-value=0.018) (Fig. 1) . Univariate Cox regression analysis revealed that DNMT1 rs2228611 was associated with a lower risk of grade  2 fibrosis under either the codominant (GG vs. AA: HR, 0.26; 95% CI, 0.10 to 0.70; p=0.007) or the recessive contrast (GG vs. AA+AG: HR, 0.31; 95% CI, 0.12 to 0.78; p=0.013) ( Adjusted by mitochondrial haplogroup (H vs. non-H), body mass index, breast diameter, adjuvant treatment, dose per fraction, radiation quality, acute skin toxicity, and postsurgical complications. 
GRS analysis
To understand the joint effects of genetic markers on individual risk of grade  2 fibrosis, we built a GRS for grade  2 fibrosis based on different combinations of DNMT1 rs2228611 and/or mitochondrial haplogroups according to five Cox regression models, as shown in Table 3 . Model 1 included mitochondrial haplogroups only (H vs. non-H), model 2 and model 3 comprised the codominant or the recessive contrast of rs2228611, respectively, model 4 combined mitochondrial haplogroup H with the codominant contrast of DNMT1 rs2228611 and model 5 incorporated mitochondrial haplogroup H with the recessive contrast of DNMT1 rs2228611. We then performed ROC curve analyses to determine the performance of the five models at discriminating patients with or without grade  2 fibrosis (Fig. 2) . The lowest discrimination accuracy, quantified by area under the receiver operating characteristic curves (AUC), was obtained for models 2 and 3, which were based on the two contrasts of rs2228611 (both AUC, 0.587; 95% CI, 0.28 to 0.645), and the highest was observed for model 5, which included the combination of mitochondrial haplogroup H with the recessive contrast of rs2228611 (AUC, 0.655; 95% CI, 0.597 to 0.710). Thus, based on the results shown in Fig. 2 , adding the recessive contrast of DNMT1 rs2228611 to haplogroup H determined an increase of the discrimination accuracy from 0.595 (95% CI, 0.536 to 0.653) to 0.655 (95% CI, 0.597 to 0.710). When applying the score developed in model 5, the proportion of patients with grade  2 radiation-induced fibrosis for each score group showed an increasing trend from lower to higher sum risk scores: 3.4% (score 0), 10.0% (score 1), 14.0% (score 2), and 27.3% (score 2). The Kaplan-Meier analysis of model 5 revealed that patients with an increasing sum risk score showed a trend towards higher frequencies of grade  2 fibrosis (p trend=0.0005) (Fig. 3) .
Discussion
In the present study, we tested whether the occurrence of radiation-induced fibrosis in breast cancer patients could be at least partially explained by genetic variability in DNMT genes, which encode for epigenetic enzymes known to be involved in fibrogenesis and radiation response [11, 12] . To accomplish this, we investigated the association between common polymorphisms in DNMT1, DNMT3A, and DNMT3B genes and the risk of subcutaneous fibrosis in a cohort of breast cancer survivors who received RT after breast-conserving surgery. Multivariate Cox analysis revealed DNMT1 rs2228611GG genotype as an independent predictor of lower risk for radiation-induced skin fibrosis. To the best of our knowledge, this is the first study to suggest that genetic variability at the DNMT1 locus contributes to the development of late normal tissue complications after radiation therapy, which further supports the importance of DNMT1 on fibrogenesis and wound healing after radiation exposure [12] . It is worth noting that XRCC1 rs2682585, previously reported to be associated with an overall toxicity score combining skin toxicities and fibrosis of the breast [17] , was not found to be correlated with fibrosis alone in the present study. SNPs in DNMTs genes have primarily been investigated as risk factors for cancer susceptibility given that aberrant DNA methylation is one of the earliest molecular events during carcinogenesis [22] . In addition, since SNPs in DNMTs genes influence DNA methylation at global and gene-specific levels, they have also been also investigated as susceptibility factors for common complex diseases other than cancer [23] . Among the SNPs investigated in the present study, DNMT3A rs1550117 and DNMT3B rs2424908 have been associated with a lower cancer risk, as shown by recent meta-analyses [24, 25] . With regard to DNMT1 rs2228611, the DNMT1 rs2228611GG genotype has been reported to be associated with a higher risk of ovarian cancer [26] . Although DNMT1 rs2228611 is a synonymous SNP located in exon 17, it has a possible splice regulatory function with A>G resulting in gaining of three exonic splicing enhancer binding motifs [23] . In addition, DNMT1 rs2228611 has significant modifying effects on the inverse relationship between LINE-1 methylation, a marker of global methylation, and cadmium exposure in Argentinean women [27] , suggesting a possible role in regulating the methylation level in response to environmental cues.
Reactive oxygen species (ROS) caused by radiation could be a common trigger mechanism in both fibrosis and radiation response. In oxygenated tumor and normal cells, mitochondria play a major role in the generation of ROS and appear to be the primary loci of RT effects [14] . Conversely, mitochondrial polymorphisms defining major haplogroups have been suggested to alter oxidative phosphorylation coupling as well as ROS production [28] . In addition, cybrids containing mitochondrial haplogroup H have lower levels of DNMT1, DNMT3A, and DNMT3B and global methylation than those with mitochondrial haplogroup J [15] . Based on our previous findings highlighting a protective role of mitochondrial haplogroup H on radiation-induced fibrosis [18] , we built a GRS based on its combination with DNMT1 rs2228611. In line with the concern recently raised for high risk of over-fitting and false positive results of multifactorial genetic models [20] , for the GRS construction we only considered DNMT SNPs significantly associated with radiationinduced fibrosis, rather than using the total number of putative risk alleles. Our results provided evidence of an increased discrimination accuracy when DNMT1 rs2228611 was combined with mitochondrial haplogroup H, suggesting potential usefulness of rs2228611 in genetic-based models for prediction of radiation-induced skin fibrosis. In addition, the method used for weighting predictors, which was based on Cox hazard regression coefficients, can be easily applied for inclusion of clinical factors as well. Unfortunately, none of the clinical or dosimetric variables analyzed emerged as independent predictors for grade  2 fibrosis, as we reported in our previous analysis [18] .
Our findings should be interpreted in light of the following limitations and considerations. First, the lack of a second cohort of breast cancer patients precluded the possibility of validating DNMT1 rs2228611 as a predictive factor for radiation-induced fibrosis. Thus, our results need to be interpreted cautiously because of the small sample size and risk of false positive findings given that very few radiogenomic studies with a candidate gene approach have been replicated in independent cohorts [17] . Second, in the present study we did not evaluate gene polymorphisms involved in enzymatic DNA demethylation, such as the ten-eleven translocation (TET) protein family, which are known to play a role in fibrogenesis [29] . Therefore, a more comprehensive investigation of genes encoding epigenetic enzymes should be conducted to develop and validate a clinically useful geneticbased model for prediction of radiation-induced skin fibrosis. Third, the predictive performance of the genetic model, based solely on rs2228611 and haplogroup H, is rather modest. However, this is expected for complex polygenic traits such as clinical radiosensitivity, which is probably the result of the combined effects of multiple polymorphic loci [7] . In addition, further investigation in cellular and in vivo animal models is still required to provide mechanistic insights into the protective role of rs2228611GG on radiation-induced fibrosis.
Conclusion
Our findings support a protective effect of the DNMT1 rs2228611GG genotype on the risk of radiation-induced fibrosis in breast cancer patients. In addition, we provide evidence that inclusion of DNMT1 rs2228611 in a genetic-based model has the potential to increase prediction accuracy for radiation-induced fibrosis. However, further investigation to provide mechanistic insights into the role of DNMT1 rs2228611 in fibrogenesis and radiation response is warranted. In addition, a more comprehensive investigation of the role of germline polymorphisms should be conducted to develop and validate a clinically useful genetic-based model for prediction of radiation-induced fibrosis after treatment of breast cancer.
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